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12.P.T.aggart, R.J.Gribble, A. D.Ballcy 1111,and S.Sugimoto~

Los Alamos National Laboratory

htroduct”o
Rece;tl~ [1],a prototype soft X-ray pinhole camera was fielded on FRX-

CILSM at Los Alamos and TRX at Spectra Technology. The soft X-ray FRC
images obtained using this camera stand out in high contrast to their
surroundings (unlike the ima$es from visible light framing cameras which are
often obscured by light emission from sources outside the FRC). It was
particularly useful for studying the FRC during and shortly after formation
when, at certain operating conditions, flute-like structures at the edge and
internal structures of the FRC were observed which other diagnostics could
not resolve.

Buildin on this earl cx crience, a new soft X-ray pinhole camera has
been instal?ed on FRX-&LS~ which permits more ra id data acquisition ard
briefer exposures. It will be usid to continue studyin

%
{ RC formation and tc

look for internal structure Iatcr in time which could e a si nature of
[instability, This paper summarizes the initial operation of t is camera.

As of this writing, the camera has been used primarily in conjunction with
mcasurcmcnts of external magnetic field asymmetries of FRCS. Some of the
images obtained during the bias and pressure scans of this series of
measurements are included to indicate the effect of varying source conditions
on formation. Additionally, a series of shots at optimum operating condititlns
was taken to document the appearance of the best FRCS which we can form
on FRX-C/LSM and to establish analysis procedures which would be ap !icd

Tto all of the data ot various rcssurcs and biases. Preliminary analysis o this
Edata shows good agrccmcnt etwccn the FRC radius dctcrmincd from the X

ray image and the cxcludcd flux array. [t also indicates that relative density
values (maximum density vs. density in “hole”) inferred from the data arc
rcascmablc.

5EdmmwmluatJluw~
A diagram of the ncw soft X-ray pinhole camera is shown in Fi urc 1,The

camera uscs a vacuum flange mounted Gtililco 3075-FM Chevron 3 CP with ;1
phospnor/fiberoptic output. The vacuum flange ri;ounting allows thu irni~gc
rccordinp medium (film or CID camera) to b: outside the vacuum chamber.
which cllminatcs the prototype camera rcquircmcnt of vacuum opcning$
bctwccn shuts to rctricvc exposed film. A ().25+ Bc foil blocks visible iind (J\”
light, “T’hisplus a WO-nm CSI cotiting on the input side of the MCP should
ensure that thu camera’s response is

[
cakcci ncilr 10 nm. The input side ~~f’the

MCP is gatcd once pcr dischi~rg(; wit
+

ti flilt-tof) UISC of 1 p... Ciuriltio:l ([}1(2
prototype ~::~mcri~hi~d an exposure time of 2 *s). he output of the MC1) is iI[

ground ilnd the phosphor bias is ty ically +25 kV, For this first series (JI
fcxpcrimcnts, i17’lil~C!i were rccordct as ColltilCt prints on Polaroid Type52

sheet film, 1 hcsc Images were subsequently di itizcd ilnd i~ni~ly~cd using ;I

FG.t4, 4TN2507A CID survcilluncc c:lmcr;l i~nd m:lgin~ Technology l;G-l(M)-/\’r
imilgc proccssi n

7
boi~r(i with the lTEX I(M)library {)( lmilg~ processing

subroutines (hot I PC l~i~scd), [}inhoic dii}mctcrs .)( ().5-1,()mm were usc~i,
permitting Sptiili rcsuiution ilt the piil!ifllil on the or(icr of (M-I.6 cm, This
resolution pius the short -1 p,s) cx osurcs iliioWS us to Lictcct fine scnic

\ TfCiltUf’CS ilt tliC f)iilSITlilS CL ~C (l;ig. 2.



Discussion of Results
To document the appearance of the FRC in our optimum operating

regime, a time series of photos was taken at a fill pressure of 3 mTorr with a
570 gauss bias. The outstanding characteristic of these FRCS (up to their n=.1
instability at about 80 P) is their nearly circular, smooth edge profile. These
images have been used to compare the radius determined from the cxcluckxl
flux array with the radius determined from the X-ray image. The radius of
the plasma in the X-ray image is taken to be the point at which the density
drops to nmax/2. The density is assumed to be related to the ~eflected light
intensity from the contact print image of the FRC by IR~n )~, where IR is
the reflected light intensity from the contact print image and y is the slope of
t~e characteristic curve of the fi!m (y for our film is 135). The results (Fig. 3)
show that from about 10 P after formation be ins to the onset of the n=2

$instability, the two methods agree to within 4 c. At earlier times the plasma is
too dynamic and at later times the plasma is too deformed to expect good
agreement. Because of point and line defects (bri ht spots) in the imtigcs as

fWC1las moire’ ty c patter:is cutting Jcross the fie d of view, not much effort
Jhas been devote to trying to uantify internal structures seen within the

!scparatrix. Nevertheless, a cru e analysis of how nhO~e/nmax varies with .xsCP
has been made. Restricting the analys~s to shots with exposure levels which
should be in the most linear re ion of that curve, the correct trend is seen in

%the data (Fig.4) when compare to a rigid rotor model, but with considerable
scatter. Using the same scaling, a contour plot is shown for a shot with a
particularly deep center hole (Fig$

As Fig. 1 shows, not all FRCS are as s mmetric as our optimized 3 mTorr
Kshots arc. As an example of one trend w ich is evident in our data, Fig.6

shows how, at constant bias, FRC symmetry de.terioratcs as fill pressure
incrcascs.

In summar , a new soft X-ray pinhole camera has been constructed and
rused successfu Iy. Image processing software has been developed to analyze

the resulting ima CS.We arc continuing to analyze our data to
!i) dctcrminc i the azimuthal asymmetries seen at high fill Pressures

during formation can bc explained by consideration of’ the radmi dyntmics[2]
of the plasma,

ii) corrclatc the measured shifts of the plasma away from the geometric
axis with magnetic field asymmetries rncasurccl at the wall,

iii) develop software to analyze images for c%idcncc of asymmetries inside
the lasma scparatrix.

$4c have comolctcd ~rcnarations to eliminate the usc of film illl toucthcr
and record the irtia- c di;cc{ly using

fis being built (in co laboration with
next yCilr.

“-Work supported by U.S.D.O.E.
l-Ci~ltcch
2-Osakti University

the CID camcrti. Finally, a 4-frfim;system
Spectra Technology, Inc.)for usc cnrly

. .,..

pf’rw1 E.Cri~wf;)rd,l}~wccdti [~,SiC~~~t Tor,. (’* ()”~(Union, W/\,
W),pp. 138-14:

[2] A.Sgrt)~/~i{/,.ppJ)l-94
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-- The scvcrcly deformed FRC shown above was photographed 5 p...nftcr firin~~
t!w thctu pinch. It was formed at a bias magnetic fickf of NO guuss and u dcutcriurn
fill pressure of 127 mT’urr. It k not u typical FRC but dcrnonstrntcs the c:~p:~hili[ies I}t’
the soft ?(-ruy imaging systcm, The FRC stnnds out in high contrust to its
surroundings. The bright circular urea at the pcrimctc; of the photo is the qu:~rtz tubu
in the compressor (40 cm dia~ 6.4 m from pinhole) , The pinhole diumctcr for this
photo WM 0.5 mm, giving sputinl resolution of ONcm at the FR(;, which is 8.4 m from
the pinhole.



ml ‘~hc time scq~lcncc Of phfJt[~SObOVCis typical of FRCS forrncd at the
optimum opcrutinu regime (fill pressure= 3 m’I’orr dcutcrium, hitis field- 570 gnuss,
B,V,II+ kG, T+= 270 (+/- 70) *s} The time of the photo (in ~) is Iistcd in the upper Ictt
hund corner of each frame and tllcIc is one exposure pcr discharge. ‘1’hcplot Iwl(}w
cornpnrcs the plusm;l radius dctcrminccl from the X-riIy image (A VRAD) with the
ridius dctcrmlnccl from the cxcl I*dcd flux tirrtty (RSEP) at various times,
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F-4 In the figure above the ordinate nholJn~aXis the ratio ~f ths density at the
“hole” of the FRC (central density minimum) to the maximum density (which occurs
somewhere between the hole and the FRC edge). The relative density values are
inferred from the reflected light intensity using the same relationship which was used
to determine the FRC radius from the soft X-ray images. The abscissa X*P k the
excluded fiux radius normalized to the radius of the field coils. The solid line is a
!inear least squares fit to the experimental data and the dashed line is what one would
~xpect for a rigid rotor.
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w- The above photo of an optimized 3 mTorr FRC W8Staken 60 KSuftcr firing
the theta pinch coil. Bccuusc it is very symmetric and Ims a pnrticultirly deep hole, it
was chosen as an interesting example of how the density as a function ot’ position ~ilil

bc unfolded from the photos, Using the same relationship bctwccn rcflcctcd light
intensity and density mentioned above, the contour plot at the right was obtilill~l.i.“1’hc
vertical axis rcprcscnts the dcnsits and the horizontal iIxcs position.



l!3wMU&The figure above demonstrates how, at constant bias, FRC symmetry and
confinement deteriorates as we increase fill pressure. Each of the photos above wiIs
taken 5 lASafter firing the theta pinch at a bias field of 570 gauss. The fill pressure is
listed in the upper left hand corner of each frame. The flux confinement times for
these shots are listed below.

2 163
3 470
5 14

12.5 17


